Christou, Evangelos A., and Les G. Carlton. Age and contraction type influence motor output variability in rapid discrete tasks. J Appl Physiol 93: 489-498, 2002. First published February 15, 2002 10.1152/japplphysiol.00335. 2001.-The purpose of this study was to examine the ability to control knee-extension force during discrete isometric (IC), concentric (CC), and eccentric contractions (EC) in 24 young (mean age Ϯ SD ϭ 25.3 Ϯ 2.8 yr) and 24 old (mean age Ϯ SD ϭ 73.3 Ϯ 5.5 yr) healthy and active individuals. Subjects were to match a parabola with a time to peak force of 200 ms during IC, CC, and EC at six target levels of force [20, 35, 50, 65, 80, and 90% of the maximum voluntary contraction (MVC)]. ICs were performed at 90°of knee flexion, whereas CCs and ECs ranged from 90 to 80°of knee flexion (0°is full extension) at a slow velocity (25°/s). Results showed that subjects produced similar MVC forces for the three types of contractions. Young subjects produced greater MVC forces than old subjects, and within each age group, men produced greater force than women. The variability (standard deviation) of peak force and impulse in absolute values was greater for young compared with old subjects. When variability was normalized to the force produced [coefficient of variation (CV)], however, old subjects exhibited greater CV than young subjects for peak force and impulse. Both the standard deviation and CV of time to peak force and impulse duration were greater for the old adults. In general, ECs were more variable than ICs and CCs, and old adults exhibited greater CV compared with young adults during rapid, discrete ICs, CCs, and particularly ECs of the quadriceps. quadriceps; eccentric; concentric; isokinetic THE SUCCESS OF HUMANS to accomplish tasks with precision depends on their capability to control movement. Even the simplest movements in life demand the appropriate application of force, including the magnitude, direction, and timing of force, usually for both the agonist and antagonist muscles. In general, the control of force for the agonist muscle occurs during a concentric contraction, whereas the control of force for the antagonist muscle occurs during an eccentric contraction.
quadriceps; eccentric; concentric; isokinetic THE SUCCESS OF HUMANS to accomplish tasks with precision depends on their capability to control movement. Even the simplest movements in life demand the appropriate application of force, including the magnitude, direction, and timing of force, usually for both the agonist and antagonist muscles. In general, the control of force for the agonist muscle occurs during a concentric contraction, whereas the control of force for the antagonist muscle occurs during an eccentric contraction.
Aggregate of data suggests that the central nervous system (CNS) may regulate gradation of muscle force uniquely during eccentric contractions (20, 21) . The strongest evidence comes from neurophysiological studies indicating a significantly reduced activation level [electromyogram (EMG)], motor evoked potentials, and H reflex during eccentric contractions of a muscle compared with concentric contractions producing the same torque (30, 36) . This reduction in EMG amplitude during eccentric contractions appears to be due to a decreased discharge rate of the motor units (33, 34, 46) . Although contradictory to the literature (3, 14) , some neurophysiological studies suggest that the size principle of motor unit recruitment (27) is not followed during eccentric contractions where specific large motor units are activated first, followed by small motor units (30, 36) . Human performance characteristics, furthermore, suggest that, as velocity of movement increases, maximum force production decreases during concentric contractions but is unaffected during eccentric contractions (51) .
Although several experiments have examined neural and motor output differences during concentric and eccentric contractions, the ability of young and old individuals to control muscle force during eccentric contractions has been examined only during slow continuous tasks (34, 45) . In a continuous task, the participant attempts to match a constant force level represented by a line for a specific time period by usually controlling only force output, and the within-subject variability of force fluctuations is measured (34, 45) . A discrete task, however, refers to when a participant attempts to match a force-parabola with a short time over several discrete trials, and the within-subject variability of peak force, impulse, time to peak force, and impulse duration (motor output variability) is measured (9) . During both continuous and discrete tasks, it is generally accepted that standard deviation (SD) of force increases and coefficient of variation (CV; equal to SD of force/mean force) decreases as the level of force increases (9, 44) . Rapid discrete contractions differ from slow continuous contractions in many respects. The rate of force production is higher, the motor command must be repeated over trials, and the use of kinesthetic feedback is minimized (17) . These differences may account for the sixfold increase in the amount of force variability for discrete compared with continuous isometric contractions (12) .
Studies suggest that, when old adults perform isometric or slow anisometric continuous contractions, they produce more variable movements compared with young adults (5, 24, 34) . Eccentric contractions are significantly more variable than concentric contractions in old adults but not in young adults (15, 34) . For rapid discrete tasks, the literature is limited to young adults performing isometric and concentric contractions (9) . Differences between young and old adults as a function of contraction type have not been examined during rapid discrete tasks.
It is important to identify whether any differences in the control of muscle force exist between young and old adults during different types of rapid discrete contractions for two reasons. First, rapid discrete contractions are primarily controlled by the descending motor command (17) , which must be repeated over several trials. It is possible that variability of the descending command is greater for old adults because corticomotor function declines with increases in age, possibly due to losses of corticomotorneurons (19, 35) . Furthermore, the neuromotor system of old adults has been shown to be slower and more variable, possibly due to decreases in transmission from corticospinal and reflex pathways to the motoneurons (26) and particularly to losses of the largest ␣-motoneurons (18) . Second, studies have shown that old adults exhibit increased kinematic variability compared with young adults, particularly during functional movements that require eccentric contractions (28, 52) and that they prefer to slow down to eliminate errors and loss of balance (28, 42) . The interaction between contraction type and age, therefore, may identify whether control of force in old adults is impaired more during eccentric contractions.
The primary purpose of this study was to compare motor output variability for rapid discrete isometric, concentric, and eccentric contractions of the quadriceps femoris muscle group in young and old adults. A secondary purpose was to determine whether motor output variability differs among the three types of muscular contractions. Data that compare the three different types of contractions from the young subjects of this study have been presented previously in abstract form (11) .
METHODS

Subjects
Twenty-four active young (25.3 Ϯ 2.8 yr old; 12 men, 12 women) and 24 active old adults (73.3 Ϯ 5.5 yr old; 12 men, 12 women) volunteered for this experiment (Table 1 ). All subjects reported that they were right leg dominant. To control for physical activity level differences typically seen between young and old adults, the subjects recruited were healthy and physically active. A medical history questionnaire given to each individual before the study indicated that all subjects were healthy and had no history of knee pathology nor any neurological disorders. On the basis of a physical activity questionnaire (38) , which had been previously validated (48) , all subjects engaged in moderate to intense regular physical activity (Ͼ5 times/wk; greater than moderate intensity; Ͼ0.5 h in duration). In addition, none of the subjects had any cognitive deficits, as assessed by the Pfieffer mental status scale (39) . Testing protocols were approved by the institutional review board for research with human subjects, and all subjects gave their informed consent before participating in the study.
Apparatus and Procedures
Isokinetic dynamometer. To assess force production and motor output variability for a knee-extension task during continuous and discrete isometric contractions, a KIN-COM 500H isokinetic dynamometer (Chattanooga Corp., Chattanooga, TN) was used. The device allows for evaluation of force production during isokinetic, isometric, and isotonic actions. Force, velocity, and angle produced by each participant were displayed on the monitor (15 in.) of the isokinetic dynamometer. The KIN-COM 500H has been shown to be a reliable way to assess force (2) .
Procedures
Strength and motor output variability were assessed during discrete isometric, concentric, and eccentric contractions of the right knee extensors (dominant leg as identified by the subjects) in three different sessions performed within the same week. For each type of contraction, the level of maximum voluntary contraction (MVC) was determined. MVC force produced with rapid contractions was on average 80-85% of a typical isometric MVC. On the basis of the MVC produced, target forces, expressed as a percentage of MVC (%MVC), were determined.
Subjects were seated for testing in the isokinetic dynamometer's chair with the backrest angle at 90°. The axis of rotation of the right knee (lateral epicondyle of the femur) was aligned with the axis of rotation of the dynamometer's armature, and the ankle cuff (load cell assembly) was attached 2.5 cm above the dorsal surface of the foot. Each participant removed the right shoe to eliminate any potential load differences due to the weight of the shoe, and the weight of the leg was accounted for by the isokinetic dynamometer. Stabilization straps were placed over the pelvis and chest, and participants positioned their arms across their chests during each trial. For all trials, a rigid soccer shin guard was placed over the right shin to protect subjects from any potential pain and injury due to the large number of knee extensions during each session. The order of contraction types was counterbalanced. MVC trials and trials at the various %MVC were blocked. The order of %MVC within a contraction type was randomly determined. Before each contraction session, subjects warmed up by walking for 5 min and stretching their quadriceps femoris, hip flexors, and gastrocnemius muscles. MVC of each participant for each type of contraction was measured before each contraction session. Specific warm-up (3 submaximal trials) was given to the subjects before MVC testing.
Maximum Voluntary Discrete Contractions for 200 ms
For discrete isometric contractions, subjects were asked to produce maximal effort force pulses with brief durations. The criterion time to peak force for each trial was 200 ms. Because longer times to peak force can increase maximum force (7, 37) , the 200-ms time to peak force was used to identify the MVC. Furthermore, a rapid time to peak force (200 ms) was used because it minimizes the role of sensory feedback for controlling force (17) . Subjects monitored the gradation of force on the monitor of the isokinetic dynamometer. Trials were repeated until three trials with a time to peak force of 200 ms (Ϯ10%) were produced. The highest of the three force values produced from the three accepted trials was considered the MVC. After each contraction session, subjects performed another MVC to identify whether fatigue had taken place.
Rapid Discrete Contraction Task
The seating position and setup of the participant were the same as that used for the MVCs. Six target force levels were determined on the basis of the maximum force produced by each participant for each type of contraction. These forces were 20, 35, 50, 65, 80, and 90% of MVC, and the time to peak force was 200 ms. The order of target forces was determined randomly for each participant. Isometric contractions were produced at 90°, whereas concentric contractions started with a knee angle of 90°and moved to 80°(0°is full extension). For eccentric contractions, the movement of the dynamometer armature was in the opposite direction of that of concentric contractions; thus knee joint angle ranged from 80 to 90°. A diagrammatic depiction of the methodology used for the three contraction types is provided in Fig. 1 .
Isometric task. For the discrete isometric task, each participant attempted to match a force-time parabola. The forcetime parabola was drawn on a transparency sheet and attached on the monitor of the isokinetic dynamometer. Each participant was instructed to match the target parabola by controlling the knee-extension force. Between trials, subjects had ϳ5 s to relax and position the knee-extension force back to 0 N.
Concentric and eccentric contraction tasks. The procedures were identical to those described for isometric contractions. A 10°range of motion was used with a velocity of 25°/s to match the isometric conditions and obtain a time to peak force of 200 ms. During concentric contractions, each participant moved the dynamometer's armature by producing a kneeextension force, whereas during eccentric contractions, subjects resisted the movement of the dynamometer's armature by producing a knee-extension force. For both contraction types, peak force occurred at 85°of knee flexion, and movement of the armature was initiated when the participant exerted force approximately equal to his or her leg weight. Similar to the isometric contractions, subjects had ϳ5 s between trials to relax and position the knee-extension force back to 0 N. During this time, the dynamometer's actuator was repositioned by the experimenter.
Practice. For all three types of contractions, each participant received 30 practice trials followed by 40 experimental trials at each force level. Custom-made software identified experimental trials as acceptable only if they were within Ϯ3 SD of the mean. If not (Ͻ20 trials in all 48 subjects), the trials were substituted from the latest practice trials (trials [28] [29] [30] . Both the force-time parabola and the force produced by the participant were displayed on the monitor during the task for the first 10 practice trials. During the last 20 practice trials and all experimental trials, the force-time parabola was hidden during the knee-extension force production. Immediately after the trial, visual feedback of the force-time curve produced and the force-time target parabola were provided. In addition, subjects received verbal feedback regarding the amount of force and temporal characteristics they produced to enhance learning and accuracy for matching the referenced parabola. A brief rest period of 120 s was given to each participant between levels of target force. 
Statistical Analysis
An initial examination of variability of force (SD of force) indicated that men were more variable than women. This was expected because men had greater MVCs (Table 1 ), and the criterion force level at any %MVC was greater compared with that of the female subjects. CV was used to normalize the variability of performance around the target force level, and this normalization resulted in a nonsignificant gender effect for peak force, impulse, time to peak force, and impulse duration for all types of contractions. The two gender groups, therefore, were combined for all analyses except maximum force production.
A three-factor complete-factorial ANOVA (2 age groups ϫ 3 contraction types ϫ 6% MVC), with repeated measures on contraction type and %MVC, was used to examine the mean, SD, and CV of peak force, impulse, time to peak force, and impulse duration. MVC was examined by using a three-factor complete-factorial ANOVA (2 age groups ϫ 2 genders ϫ 3 contraction types), with repeated measures on contraction type. When significant effects were found, Tukey-Kramer post hoc tests were performed to determine the location of the effect. The probability level for all statistical tests was 0.05.
RESULTS
Strength
Young subjects produced greater discrete knee-extension force (MVC) than old subjects, and men produced greater force than women (P Ͻ 0.01). Nonetheless, MVC produced during concentric and eccentric contractions was similar (P Ͼ 0.05) ( Table 1 ). Although strength was significantly different between age groups (P Ͻ 0.01), old men produced similar MVC force with young women (P ϭ 0.213). For young subjects, the MVC was similar among the three types of contractions, whereas for the old subjects, MVC was higher during eccentric contractions (not significant after post hoc analysis). For all subjects, MVCs before and after each contraction session were not significantly different (P Ͼ 0.05), indicating that quadriceps fatigue did not occur.
Variability of Peak Force
Mean peak force. A comparison between the mean peak force produced and the target force level indicates that, on average, young and old subjects produced higher peak forces at low %MVC and lower peak forces at high %MVC.
SD of peak force. Young subjects exhibited greater absolute variability than old subjects (Table 2) , and eccentric contractions were more variable than isometric but not concentric contractions (all P Ͻ 0.01; Table  3 ). As expected, the SD of peak force increased as the level of force increased (P Ͻ 0.01). Paired contrasts between the two age groups at the six levels of force indicated that young subjects produced significantly greater SD of peak force at all six levels of force (P Ͻ 0.05), except at 20% MVC (P Ͼ 0.05). In young subjects, eccentric contractions were more variable than concentric and isometric contractions (P Ͻ 0.05), whereas, in old subjects, eccentric and concentric contractions were more variable than isometric contractions (P Ͻ 0.05). Nevertheless, Tukey's multiple-comparison post hoc test did not detect any significant difference among contraction types for young or old subjects. A comparison of the three contraction types across different levels of force indicated that eccentric contractions were significantly different from isometric contractions at 20 and 90% MVC (P Ͻ 0.01) ( Table 2) . CV of peak force. Old subjects exhibited greater relative variability (CV) than young subjects, and eccentric and concentric contractions exhibited greater CV than isometric contractions (all P Ͻ 0.01; Table 3 ). As expected, the CV decreased as the level of force increased (P Ͻ 0.01). Paired contrasts between the two age groups at the six levels of force indicated that old subjects exhibited significantly greater CV at all six levels of force (P Ͻ 0.01); however, these differences were greater up to 50% MVC ( Fig. 2A) . Comparisons of the contractions across the six levels of force detected significant differences between isometric and concentric contractions at 20% MVC and eccentric contractions compared with isometric and concentric contractions at 90% MVC (all P Ͻ 0.05 ). For the rest of the levels of force, the three types of contractions did not produce significantly different CV for peak force (P Ͼ 0.05).
Variability of Impulse
Mean impulse. Mean impulse increased systematically with increases in level of force. The mean impulse error indicated that, on average, young and old subjects produced greater impulses at all percentages of MVC compared with the goal impulse.
SD of impulse. Young subjects exhibited greater variability than old subjects (Table 2) , and eccentric contractions were more variable than isometric and concentric contractions (all P Ͻ 0.01; Table 3 ). As expected, SD of impulse increased as the level of force increased. Paired contrasts between the two age groups for different levels of force indicated that the two groups were not significantly different up to 50% MVC (P Ͼ 0.05); however, from 65% MVC and beyond, young subjects produced significantly greater SD of impulse (P Ͻ 0.05).
CV of impulse. There was a significant effect for age, contraction type, and level of force. Old subjects exhibited greater CV than young subjects, and eccentric contractions resulted in significantly greater CV compared with isometric and concentric contractions (all P Ͻ 0.01; Table 3 ). As expected, the CV of impulse decreased as the level of force increased (P Ͻ 0.01). Paired contrasts between the two age groups for the six levels of force indicated that old subjects exhibited significantly greater CVs at all six levels of force (P Ͻ 0.01); however, these differences were greater below 50% MVC (Fig. 2B) . Comparison of the three contraction types with level of force indicated that eccentric contractions were more variable than isometric contractions at all levels of force and more variable than concentric contractions only at 20 and 90% MVC, and the difference between isometric and concentric contractions was only at 50% MVC (P Ͻ 0.05; Fig. 3 ).
Variability of Temporal Characteristics
Mean time to peak force. Eccentric contractions produced shorter mean time to peak force than isometric and concentric contractions, and the mean time to peak force increased as the level of force increased (all P Ͻ 0.01). Old subjects produced progressively shorter times to peak force than young subjects as levels of force increased. Paired contrasts between the two age groups for the six levels of force, however, indicated significant differences between the two age groups only at 80% MVC (P Ͻ 0.05). Time to peak force during isometric contractions was significantly longer than concentric and eccentric contractions only at 20% MVC (P Ͻ 0.05). Beyond 65% MVC, eccentric contractions had a shorter time to peak force than concentric and isometric contractions.
SD of time to peak force. Old subjects exhibited greater variability than young subjects (P Ͻ 0.01; Table 2). Paired contrasts between the two age groups for the six levels of force indicated that old subjects produced significantly greater variability than young subjects at force levels of 20 and 35% MVC (P Ͻ 0.05). At levels of force from 50% and beyond, there were no significant differences between age groups. There was also a significant interaction between contraction type and level of force (P Ͻ 0.05). Tukey's post hoc multiplecomparison test failed to detect any significant differences between the three types of contractions at any of the levels of force (Table 3 ). The interaction between age group and contraction type (P Ͼ 0.05), and the three-way interaction between age group, contraction type, and level of force (P Ͼ 0.05), were not significant.
CV of time to peak force. Old subjects exhibited greater relative variability (CV) than young subjects, and eccentric and isometric contractions produced significantly lower CV than concentric contractions (all P Ͻ 0.01; Table 3 ). The CV of time to peak force decreased as the level of force increased (P Ͻ 0.05). The three-way interaction between age group, contraction type, and level of force was also significant (P Ͻ 0.05). Old subjects had greater CV for time to peak force than young subjects. CV in old adults was higher during eccentric contractions at levels of force Ͼ50% MVC. In the young group, variability was similar for the three different types of contractions. For the old group, Tukey's post hoc multiple-comparison test detected significant differences between eccentric and concentric contractions at 80 and 90% MVC, whereas, for the young group, isometric contractions had lower CVs than both eccentric and concentric contractions at 50% MVC (P Ͻ 0.05; Fig. 4) .
Mean impulse duration. Eccentric contractions produced greater mean impulse duration than isometric and concentric contractions, and the mean impulse duration increased as the level of force increased (P Ͻ 0.01; Table 3 ). Fig. 4 . Three-way interaction among age group, contraction type, and level of force on the CV of time to peak force. Old subjects (solid symbols) were more variable than young subjects (open symbols), and the time to peak force variability was amplified during eccentric contractions of Ͼ50% MVC. In the young, however, variability was similar for the three different types of contractions. Values are means Ϯ SE. SD of impulse duration. Eccentric contractions were more variable compared with isometric and concentric contractions (Table 3) , and the SD of impulse duration increased as the level of force increased (all P Ͻ 0.01; Table 2 ). Old subjects exhibited greater SD of impulse duration than young subjects only at levels of force Ͻ50% MVC (P ϭ 0.06).
CV of impulse duration. Subjects produced significantly greater CV during eccentric contractions compared with isometric and concentric contractions (Table 3), and the CV of impulse duration decreased as the level of force increased (all P Ͻ 0.01). There was a significant interaction between age group and level of force (P Ͻ 0.05). Paired contrasts between the two age groups at the six levels of force indicated that old subjects had significantly greater CV than young subjects only at 20% MVC (P Ͻ 0.05; Fig. 5 ).
DISCUSSION
The present study examined strength and the ability of active young and old individuals to control force during a wide range of submaximal rapid contractions. The study produced two novel findings. 1) Old adults were more variable in force (CV) and temporal characteristics of muscular contractions (SD and CV) compared with young adults and 2) eccentric contractions were more variable (SD and CV) compared with isometric and concentric contractions.
Rapid Strength
Results from the present experiment show that strength for rapid discrete contractions of the quadriceps in old adults was lower by ϳ45% for isometric, 41% for concentric, and 35% for eccentric contractions compared with young adults. These results provide partial support to previous research reporting that old men and women maintain eccentric strength, whereas concentric and isometric strength significantly decline compared with young adults (29, 40) . The differences in findings for eccentric contractions may be due to methodological differences in measuring strength. The primary aim of this study was to identify age-related differences in motor output variability. Therefore, maximum strength during rapid discrete contractions was measured with similar temporal characteristics to the target-force parabolas (200-ms time to peak force). In previous studies (29, 40) , velocity characteristics and range of movement were different, whereas time to peak force was free to vary. Although active and healthy old individuals were recruited, the results suggest that when time to peak force is short and fixed, maximum force in the old adults is significantly lower than that in young adults in all contractions; nevertheless, this reduction in strength is smaller during eccentric contractions. The lower strength compared with young adults and the relatively better maintenance of eccentric strength may potentially be caused by two factors. 1) There is an increase in collagen tissue (connective tissue) in the belly of the muscle with age, which can increase the stiffness of the muscle and passively contribute to eccentric force production (29) .
2) If indeed eccentric contractions selectively recruit fewer and larger motor units (36) , then the ability of old adults to produce eccentric force may be better maintained because some of the small motoneurons that are reorganized to innervate more muscle fibers (41) may be recruited.
Age and Motor Output Variability
The present experiment demonstrated that old adults exhibited higher relative variability (CV) than young adults during rapid discrete isometric, concentric, and especially eccentric contractions of the quadriceps when the level of force was expressed as %MVC. This finding was robust for peak force, impulse, time to peak force, and impulse duration. Thus not only were the old adults more variable in producing force, but they also were more variable in the timing of their contractions.
Accuracy in movement is influenced by both variability of force and temporal variability associated with the force produced (8, 32) . Although the variability of peak force appears to be similar between young and old adults as a function of absolute force (in N), the variability of impulse (the aggregate of force and time) is greater in old adults, particularly for eccentric contractions. This was also true for the temporal characteristics examined, such as time to peak force and impulse duration. During activities of daily living that require precision in both absolute force and timing (impulse), such as ascending or descending stairs, it is probable that old adults will perform significantly poorer compared with young adults. These differences appear to be magnified during eccentric contractions. This study provides support to previous findings indicating that performance decreases during eccentric contractions. Such findings include the inability of the old adults to decelerate during aiming movements (16), braking movements with an eccentric activation of the antagonist muscle (47) , and control force during slow continuous eccentric muscular contractions (15, 34) .
Several factors can produce the increased motor output variability observed in old compared with young individuals in this study. Nonetheless, there is evidence that some potential factors do not correlate with the increased variability exhibited by old individuals. Such factors that do not explain the increased variability found in old adults include the increased average force produced by motor units (31) , the pattern of coactivation by the agonist and antagonist muscles (5) , and synchronization of motor units (44). This study also suggests that differences in variability between young and old adults are not due to differences in the use of sensory feedback, given the nature of the task used in this study. The performance of rapid contractions is largely determined by the descending command and eventually the excitation of the motoneuronal pool because the use of sensory feedback is eliminated when the voluntary movement is completed in Ͻ210 ms (17) . Therefore, the impairment in old adults may be part of an open-loop control system that controls discharge rate of the motor units. The following paragraph discusses potential mechanisms.
There is accumulating evidence that discharge rate variability of the motor units is greater in old compared with young adults (15, 22, 34) . More variable discharge rates of the motor units occur with faster muscle contractions (50) , and numerous findings suggest that the ability of old adults to control force and movement appears to decline with increases in speed and complexity of movement (13, 53) . Potential mechanisms that can explain the increased variability of the discharge rate of motor units in old adults and the decline in force control, especially during eccentric contractions (34) , include the increase in loss of corticomotorneurons after the age of 50 yr (19), the decrease in transmission velocity from corticospinal and reflex pathways to the motoneurons (23), the 25% reduction in the total number of lumbosacral spinal cord motoneurons (23, 26) , and particularly the loss of the largest ␣-motoneurons and their myelinated axons (18) . The above mechanisms can individually or in combination affect the increased motor output variability exhibited in old adults.
The motor output of young and old subjects in this study was primarily determined by an open-loop task that was repeated several times. The ability of old adults to repeatedly produce the same motor output (within-subject, between-trial variability) was severely compromised. This was especially notable for the temporal characteristics of the movement and during eccentric contractions. Collectively, the results of this study provide support to the notion that the descending command and the excitation of the motoneuronal pool (motor program) of old adults are impaired compared with those of young adults.
Contractions and Motor Output Variability
It has been hypothesized that eccentric contractions are distinctly controlled by the CNS (20) . Several differences in motor output performance between concentric and eccentric contractions have been described in the literature (20) ; however, few attempts have been made to examine their motor output variability (10, 34) . The present experiment demonstrated that rapid discrete eccentric contractions are more variable compared with discrete isometric and concentric contractions. This finding is consistent for peak force, impulse, time to peak force, and impulse duration for both young and old groups. These results support and extend previous findings that reported greater variability during discrete eccentric contractions (10) . Differences between types of contractions, however, cannot be attributed to velocity characteristics, length of muscle, or moment arm, because the findings were based on isometric, slow (25°/s), and short-range (10°) knee-extension movements. Maximum force output was not significantly different among discrete isometric, concentric, and eccentric contractions. Therefore, force-velocity characteristics in this experiment did not significantly influence production of force. The findings about variability in this study were largely influenced by the task requirements, which required the repetition of the motor program and, therefore, provide further support to the hypothesis that the CNS has a unique scheme to control eccentric contractions compared with concentric and isometric contractions.
Support for the hypothesis that descending commands modify and/or influence the excitability or selection of motoneurons during eccentric contractions comes from at least three lines of evidence. First, the original finding by Nardone et al. (36) suggests that there is an alternative recruitment order of motor units during eccentric contractions (30) ; nonetheless, this finding is controversial (3, 14, 34) , and the exact mechanism that the CNS utilizes to selectively recruit highthreshold motoneurons is unknown (4) . Second, the synchronization of motor units is greater during eccentric than during concentric contractions, suggesting that the descending command may be different (43) . Muscle-excitation studies provide the third and most robust evidence for alternative descending commands. For example, EMG at various levels of muscle excitation is significantly reduced during eccentric contractions compared with concentric contractions, and this reduction in EMG appears to be due to a reduction in the mean discharge rate of the motor units (33, 46) . Further evidence comes from studies where superimposition of electrical stimulation onto maximal voluntary contractions produces an increase in eccentric but not concentric force. These findings indicate the existence of a potential neural inhibitory mechanism that limits the recruitment or discharge of the motor units (1, 49) . The participant's intention to perform an eccentric contraction, moreover, was associated with decreased muscle activation (lower EMG) of the quadriceps muscle (25) . Current findings, additionally, suggest that differences in EMG between concentric and eccentric contractions appear to be magnified with increases in movement speed (13) . This occurs because muscle activation increases with increases in speed of movement during concentric contractions, whereas muscle activation is unaffected by the speed of eccentric contractions.
In summary, this study resulted in two major findings. First, old adults who are healthy and physically active are more variable compared with healthy and active young individuals during rapid discrete isometric, concentric, and particularly eccentric contractions of the quadriceps. This suggests that repetition of the descending command and eventual excitability of the motoneuronal pool is impaired in old adults. Second, the ability of humans to repeatedly perform a task requiring a muscular contraction with appropriate force and timing (impulse) is more variable during eccentric than concentric and isometric contractions. This finding provides further evidence to the hypothesis that eccentric contractions may be uniquely controlled by the CNS (20) .
